Abstract Identifying the main routes followed by an invasive species has significant management implications and may help to understand its colonization process. The obscure mealybug, Pseudococcus viburni (Signoret, 1875), is an important agricultural pest native to South America that infests fruit crops worldwide. The genetic diversity and structure of P. viburni samples collected around the globe was investigated here, and the most likely invasion routes were inferred using state-of-the-art population genetics methods. The results obtained include: (1) identification of low intrapopulation genetic diversity (mean number of alleles per locus below 4 and heterozygosity below 50%) and high genetic differentiation among populations (average F ST = 0.29); (2) strong evidence of an initial colonization from South America towards Europe and secondary introductions from Europe towards other continents, (3) evidence of population structure within Europe and, (4) support for introductions from North America and Europe to South Africa. These results improve our understanding of the worldwide distribution and invasion pathways of P. viburni and suggest further exploring South America as the best source for potential biological control agents.
Introduction
Unveiling the pathways followed by invasive species is critical for understanding dispersal patterns and establishing efficient management strategies (Sax et al. 2005; Estoup and Guillemaud 2010; Fraimout et al. 2017) . Early colonizers often pass unnoticed during an initial period of slow population growth (lag phase; see Blackburn et al. 2015; Bock et al. 2015) and continue to expand (Pascual et al. 2007; Boubou et al. 2012) . Dispersal routes and propagule pressure influence the evolution of invasive populations (Facon et al. 2006; Simberloff 2009) , and the continuous arrival of invaders from multiple sources may counterbalance the genetic diversity reduction associated with founder events (Simberloff 2009; Dlugosch et al. 2015) . In recent years, the success of several largescale invasions has been linked to ''bridgehead effects'', where a colonizing population becomes the source of multiple new invasive populations (Lombaert et al. 2010) . A definite reconstruction of the invasion history is needed to evaluate the occurrence and impact of bridgehead effects and multiple introductions (Facon et al. 2006; Cristescu 2015) , and population genetics methods have proven to be essential in order to obtain reliable inferences Kirk et al. 2013) .
Scale insects are an extremely diverse group of agricultural pests that cause major economic losses of billions of dollars every year (Daane et al. 2012) . The obscure mealybug, Pseudococcus viburni (Signoret, 1875) , is distributed worldwide and infests more than 40 plant families (Ben-Dov et al. 2010) . First described from individuals collected on Viburnum shrubs in 1869 (close to Toulon, southern France), its occurrence was documented in Australia (1893), USA (1898), South Africa (1910) and New Zealand (1922) and later on in many other countries (Brain 1912; Gimpel and Miller 1996; Charles 2011) . Inferring the origin and routes followed by the obscure mealybug has important consequences for its management. For example, determination of potential sources is fundamental to identify candidate parasitoids that may act as specific biological control agents, and the definition of dispersal pathways will point to key regions where intensified quarantine control is needed. Taxonomic confusion has hampered previous attempts to trace the exact origin of this species, being misidentified or wrongly synonymized with P. longispinus (Targionitozzetti, 1868), P. maritimus (Ehrhorn 1900) or P. obscurus (Essig 1909), among others. Recent studies strongly support a South American origin for P. viburni, notably because several closely related species have been found in Brazil and Chile (Correa et al. 2011; Malausa et al. 2011; Pacheco et al. 2014) . Although some authors suggest that P. viburni might have been introduced to Europe together with the potato trade, the details of this worldwide invasion are not yet resolved (Charles 2011) .
The current distribution of the obscure mealybug might be explained by three alternative invasion scenarios ( Fig. 1 ) in which the worldwide invasion either: (1) derived from multiple introductions from native South America towards other continents (''Independent colonizations''); (2) followed an initial introduction from South America towards Europe, and multiple secondary introductions from Europe to the rest of the world (''Bridgehead effect''); or (3) consisted of several introductions from multiple sources (''Multiple colonizations''). In order to test between these invasion scenarios, a worldwide study of the most likely invasion routes of the obscure mealybug was performed. Pseudococcus viburni samples were obtained from South America, North America, Europe, South Africa and Oceania. The genetic diversity and structure of mealybug populations were characterized using both mitochondrial sequences and nuclear microsatellite markers, and state-of-the-art population genetics methods were used to infer the most likely pathways and timing of the obscure mealybug worldwide invasion.
Materials and methods
Sampling, DNA extraction and PCR amplification A total of 42 localities were sampled, covering the putative native area of P. viburni in South America (Brazil, Chile and Peru) and invaded areas in Western North America (United States), South Western Europe (Spain, France and Italy), Western Asia (Turkey), Africa (South Africa) and Oceania (New Zealand) ( Table 1) . Mealybug specimens were stored in absolute ethanol at -20°C until DNA extractions were carried out using the DNeasy Insect and Blood extraction Kit (QIAGEN, Hilden, Germany). The mitochondrial cytochrome oxidase I (COI) region was amplified with the LCO-new primers as described in Abd Rabou et al. (2012) and PCR products were sent for sequencing to Beckman Genomics (Takeley, United Kingdom). Consensus sequences from forward and reverse reads and sequence alignments were generated using BioEdit v7.01 (Hall 1999) . Genotyping of individual mealybugs was also carried out using 21 microsatellite markers as described in Correa et al. (2014) . Amplified PCR fragments were scored using GeneMarker TM v1.75 (SoftGenetics LLC).
Mitochondrial DNA: Haplotype diversity and phylogenetic relationships Haplotype diversity (Hd) and its standard deviation were estimated for the mitochondrial data (COI) using DnaSP v5.10.1 (Librado and Rozas 2009) . A Neighbour-Joining (NJ) tree was constructed based on the Kimura-2-parameter model and 2000 bootstrap replicates in MEGA v6.0.6 (Tamura et al. 2013 ). Cytochrome oxidase I sequences from five other Pseudococcus species available in GENBANK-P. jackbeardsleyi Gimpel and Miller, P. meridionalis Prado, P. comstocki (Kuwana), P. cryptus Hempel and P. near maritimus-were used as outgroups for rooting the NJ tree (Malausa et al. 2011 ). The genealogical relationship between haplotypes was also analysed using the median-joining algorithm as implemented in NETWORK v4.6 (Bandelt et al. 1999) .
Microsatellites: genetic diversity and structure analyses Mean number of alleles per locus (Na), observed heterozygosity (H O ) and expected heterozygosity (H E ) were estimated for each sample using GeneClass v2.0 (Piry et al. 2004) . Inbreeding coefficients (F IS ) (Weir and Cockerham 1984) were calculated with Fstat v2.9.3.2 (Goudet 1995) and the frequency of null alleles estimated using FREENA (Chapuis and Estoup 2007) . Deviations from Hardy-Weinberg Equilibrium (HWE) were tested with Genepop v4.2 (Rousset 2008) and significance levels were corrected with the Lancaster correction (Chen 2011) . Pairwise F ST estimates and Fisher's exact probability tests for genotypic differentiation were also performed using Genepop v4.2 (Rousset 2008) . Some authors have suggested that D ST statistics are better adapted for testing genetic differentiation than F ST under nonequilibrium scenarios or small diversity values (Jost 2008) . Therefore, pairwise D ST estimates and their significance using 1000 bootstrap replicates were obtained with the pair.pops.Dest function as implemented in in the R package DEMETICS (http://www. r-project.org/). Significance levels for genetic differentiation comparisons were corrected using the sequential Bonferroni procedure for non-orthogonal and multiple comparisons (Sokal and Rohlf 1995) .
Genetic clusters were identified by minimizing deviation from HWE and linkage disequilibrium (LD) with the Bayesian clustering approach implemented in STRUCTURE (Pritchard et al. 2000) . Three independent STRUCTURE analyses were performed using either (1) the complete data set, (2) samples collected from the putative native area (South America), and (3) (Dent and VonHoldt 2012) . In case of genuine multimodality over STRUCTURE runs, the most frequent clustering pattern for a given K value was identified using CLUMPP (Jakobsson and Rosenberg 2007) as implemented in the CLUMPAK pipeline (Kopelman et al. 2015) and results were plotted using DISTRUCT v1.1 (Rosenberg 2004 (Rannala and Mountain 1997) were computed with GENECLASS2 v2 (Piry et al. 2004 ) to identify the most probable origin for New Zealand (NZ1 and NZ2), South Africa (SA1) and United States of America (US1 and US2) samples using South America and Europe as potential sources. Finally, microsatellite data were also used to test alternative scenarios on the origin of invasive populations through the Approximate Bayesian Computation (ABC) method implemented in DIYABC ). The invasion pathways tested were ( Fig. 1) : an independent origin for each set of invasive populations directly from South America (Invasion pathway 1), an intermediate stage passing
through Europe (Invasion pathway 2) or multiple bidirectional invasions (Invasion pathway 3). For simplicity, we performed a series of ABC analyses based on population triplets including one native population and two invasive populations (Table 2 ; Fig. 2 ). The 4 main genetic clusters identified in the native area (see STRUCTURE results) were accounted for by running the simulations including either one Brazilian (BR1) or one Chilean population (CH01, CH02 and CH15). Also, to take into account the possibility that the native area may have been incompletely sampled, we simulated sub-structure by the use of ghost populations, as proposed by Lombaert et al. (2011) . Similarly, two different populations from France (FR1 and FR3) were selected as putative European sources to represent the two main clusters found in Europe (see STRUCTURE results). All possible combinations of native populations (BR1, CH01, CH02 and CH15) and pairs of invasive population (US1, US2, FR1, FR3, NZ1 and SA1) were analysed for each of the 3 alternative scenarios (Fig. 2) . The analyses were performed by drawing parameter values from prior distributions described in Table S1 and by generating 1,000,000 simulations for each competing scenario. For each analysis, posterior probabilities were estimated by weighted logistic regression on the 1% of the simulated data sets closest to the observed data set. These posterior probabilities were used in a model-testing approach by calculating the Bayes factors for each set of scenarios. Bayes factors are statistical indices to quantify the evidence in favour of a hypothesis, compared to an alternative hypothesis. For every set of 3 populations, we calculated the ratio of the likelihood probability of the two scenarios with highest probability. Bayes factors were compared to the framework provided by Kass and Raftery (1995) where \ 3 provides no evidence for the invasion scenario with highest probability, [ 3-20 is positive support and [ 20 is strong support for the invasion scenario with highest probability. For each selected scenario, Weir and Cockerham (1984) Table 2 Posterior probability of each competing scenario in the ABC analyses (see also Bold numbers indicate large Bayes factor ([ 3) support for the scenario with highest probability, according to Kass and Raftery (1995) posterior distributions of parameters were estimated using a local linear regression on the 1% of simulated data sets closest to the observed data. Splitting events and sampling dates in number of generations were translated in years by assuming that P. viburni presents 3 generations per year (Carpio and Curkovic 2016) .
Results

Identification of a sister taxon
The mitochondrial cytochrome oxidase I region was amplified in 350 individuals spanning all sampled localities (Table 1) , which resulted in a 711 bp-long alignment. Two different haplotype groups were identified through neighbour-joining and haplotype network analyses ( Figure S1 ). Both groups had a genetic divergence of 2.25%, which is within the range of divergence levels observed between different scale insect species (1.93-10.09%; see Park et al. 2011 ) and suggests the presence of cryptic taxa. Most individuals (n = 326) showed similar COI sequences as already available from previous studies (Gimpel and Miller 1996; Correa et al. 2011 Correa et al. , 2012 Correa et al. , 2015 and fitted with the morphological description of Gimpel and Miller (1996) for P. viburni. The second group of individuals (n = 24), named Pseudococcus near viburni, was only found in Brazil and might be considered a sister taxon to P. viburni. The intra-specific analyses of genetic diversity, structure and invasion routes described below were performed using only the samples belonging to the P. viburni clade.
Mitochondrial DNA: Haplotype diversity and phylogeographic patterns
Eleven segregating sites were observed in the COI sequence alignment of P. viburni samples, corresponding to a total of 10 different haplotypes. Overall observed haplotype diversity (Hd = 0.657 ± 0.016) and nucleotide diversity (p = 0.00169 ± 0.00007) values were moderate. Haplotype 3 was the most abundant and appeared in most areas (Fig. 3a) . The frequency and distribution of haplotype 3, together with the number of connections and nested position within the network, suggests that it corresponds to an ancient haplotype (Fig. 3b) . This is further supported by the fact that haplotype 3 is the closest to the sister clade P. near viburni ( Figure S1 ). Six other haplotypes (Hap1, 2, 4, 6, 8 and 9) were private to South America (Chile), while haplotypes 5, 7 and 10 were private to Europe, New Zealand and North America respectively (Fig. 3a) . Most localities presented a single haplotype (Hd = 0), except for some Chilean samples, Italy, New Zealand and United States of America (Table 1) .
Microsatellites: genetic diversity and structure analyses A total of 996 P. viburni individuals were genotyped using 21 microsatellite markers. The observed Fig. 2 Scenarios tested on the DIYABC analyses using triplets of population samples, one from the native area as main source and two invasive populations heterozygosity values were below 50% and mean number of alleles were below 4 in all P. viburni localities (Table 1) . Samples showing the largest number of alleles per locus were obtained from South America, with a mean number of alleles per locus ranging from 2.10 to 3.62. About 58% of the 154 alleles observed were shared between native and invasive samples, 30% were found in South America only and 12% were found only in the invasive areas. No significant deviations from HWE were found after Lancaster correction. Null alleles' frequencies were low and no systematic bias was introduced on the genetic differentiation estimates due to the presence of null alleles. The global F ST estimate for all loci (F ST = 0.2935) did not change significantly after FREENA correction (F ST = 0.2878). Genetic differentiation estimates between population pairs were statistically significant except for 3 cases (FR7-FR8, NZ1-NZ2 and CH12-CH14) (Table S2) Table S2 ). The Bayesian clustering analysis implemented in STRUCTURE detected strong genetic structure at three levels. At the worldwide scale, Evanno's DK method determined 2 main clusters ( Figure S2 ), roughly corresponding to the separation between native (South America) and invasive populations. Populations from Brazil and North America presented a slight pattern of admixture between both clusters (Fig. 4) . Within South America, the highest level of genetic structure resulted in 4 main clusters ( Figure S3 ), one composed of Brazilian populations only and another three found in Chile and Peru. Invasive localities were split into two clusters ( Figure S4 ), one cluster composed of samples from France (FR1, FR2, FR4 and FR5) and Spain (ES1 and ES2), and another cluster grouping two French samples (FR3 and FR6), North America (US1 and US2), New Zealand (NZ1 and NZ2) and South Africa (SA1). Some samples from France (FR7 and FR8), Italy (IT1) and Turkey (TK1) presented signals of admixture between these two clusters ( Figure S4 ).
Microsatellites: invasion pathway reconstruction
Genetic differentiation analyses based on mean F ST and assignment likelihood placed NZ1, NZ2 and SA1 samples closer to European than South American localities (Fig. 5 ). US1 and US2 had similar mean pairwise F ST and assignment likelihood values when A close relationship between NZ1, NZ2 and SA1 and European localities was found also in the Neighbourjoining tree, while US1 and US2 showed an intermediate position ( Figure S5 ). Finally, ABC analyses gave similar results, regardless of the native locality used, and always supported FR3 as the most likely source locality for FR1, US1, SA1 and NZ1 (Table 2,  Table S3 , Fig. 6 ). Interestingly, despite FR3 being the main focus of the worldwide invasion, ABC results gave some support for a contribution of US2 to the origin of FR1 and SA1 (Fig. 6 ). For the simulations involving US2-SA1 and FR3-SA1, the scenario suggesting FR3 as origin of SA1 had a Bayes factor of 7.83 versus 4.42 for the alternative scenario (i.e. US2 being source of SA1). Similarly, for the sample pairs US2-FR1 and FR3-FR1, the scenario suggesting FR3 as the origin of FR1 had the largest Bayes factor (6.44 vs 3.03). Therefore, the ABC approach gave further support to mealybugs from Europe (France), rather than from South America, originating the invasive populations of South Africa and New Zealand. ABC estimations of divergence events suggest that a South American population colonized Europe (= ''Out of Brazil'') around 160-170 years ago. Estimates for the arrival of P. viburni to South Africa (125 years ago) and New Zealand (113 years ago) also suggest these secondary invasions to be more recent.
Discussion
The worldwide distribution of genetic diversity and the population structure of P. viburni were characterized using both mtDNA and microsatellite markers. The main results obtained here include: (1) identification of low intrapopulation genetic diversity (mean number of alleles per locus below 4 and heterozygosity below 50%) and high genetic differentiation among populations (average F ST = 0.29); (2) strong evidence of an initial colonization from South America towards Europe and secondary introductions from Europe towards other continents, (3) evidence of significant population structure within Europe and, (4) evidence for two independent introductions from North America and Europe to South Africa.
Molecular tools efficiently discriminate between mealybug species (Rung et al. 2008; Park et al. 2011; He et al. 2014) , and our results agree with the previous hypothesis that P. viburni might correspond to a complex of cryptic taxa (Gimpel and Miller 1996) . Samples from five out of 42 localities corresponded to a Pseudococcus viburni sister taxon from Brazil, morphologically identified as Pseudococcus near viburni by Pacheco et al. (2014) . This result gives further support to South America as being the most likely origin of the P. maritimus complex (Charles 2011; Malausa et al. 2011; Pacheco et al. 2014) . Heterozygosity values below 50% and mean number of alleles per locus below 4, paired with significant differentiation between populations (see also Correa et al. 2012 Correa et al. , 2015 are probably related to strong genetic drift and limited gene flow between populations associated to these insects' biological traits. For example, mealybug colonies are commonly founded by a single female (Walton et al. 2004; Franco et al. 2009; Daane et al. 2012 ) and adult females show limited dispersal abilities (Grasswitz and James 2008; Kerdelhué et al. 2014) .
Because P. viburni lacks long distance dispersal abilities, the worldwide distribution and bridgehead effect observed in the obscure mealybug invasion most likely resulted from human transport, as it is the case for most agricultural pests Fraimout et al. 2017 ). Pseudococcus viburni is commonly thought to have arrived in Europe from South America through potato trade as early as the sixteenth century (Charles 2011) . Even if precise historical data of invasions are generally lacking for agricultural pests (Bacon et al. 2014) , the ABC parameter estimation carried out here suggests that the P. viburni colonization of Europe might have taken b Fig. 5 Fig. 6 Reconstruction of the most likely invasion routes followed by P. viburni according to the DIYABC results. Dashed lines correspond to scenarios with Bayes factor support close to 3 (see Kass and Raftery 1995) place around the nineteen century, much later than previously suggested. It can only be speculated why Southern France (particularly Avignon) might have acted as a bridgehead from a historical perspective, but vines derived from Vitis labrusca are known to have been heavily imported in the early nineteenth century from America into Europe, where they caused the phylloxera epidemic. Spreading from Southern France, phylloxera destroyed many vineyards, and both hybrids and grafted vines produced in southern France were then used to fight this pest (Unwin 2005) . Similarly, although the first vineyards planted in South Africa were of European origin, they had to be replanted with American rootstock after the phylloxera devastation (Unwin 2005) . Interestingly, our ABC results suggest that both European and North America contribute to South African populations of P. viburni, which is also in agreement with data from other pests infesting South African vineyards (Downie 2005) . Although the application of Bayesian statistics within the evolutionary genetics community has become widespread (Palero et al. 2009; Csilléry et al. 2010) , there still remains some discussion on using Bayes factors in an ABC framework. Robert et al. (2011) argue that the use of insufficient summary statistics under such framework might involve an unknown loss of information. Because of the ability of ABC-methods to handle complex models, some pitfalls are of particular relevance in the context of ABC analyses and the conclusions obtained using this approach should be tested against further evidence. For example, time priors may have been poorly chosen because of the difficulty of obtaining accurate historical information in the context of an ancient invasion, and in particular when a cryptic species is involved. Similarly, some genetic diversity could remain hidden in geographical areas which were not sampled. Nevertheless, the use of so-called ghost populations (unsampled population acting as the source of one or several introduced populations; see Guillemaud et al. 2010 for details) might mitigate the effect of incomplete sampling, and ABC methods still represent a useful methodology for the inference of invasion scenarios. The invasion routes inferred here must be interpreted with caution (e.g. sampling further localities within South America would be advisable), but nevertheless highlight the paramount role of secondary introductions in the global invasion history of this worldwide pest species.
The results obtained in the present study have significant implications on the management of this pest and are relevant from a practical point of view. Given that South America is the most likely origin of P. viburni, potential candidate agents for biological control should be explored within this region. Furthermore, control measures should be intensified in European countries, because Europe was the first region to be invaded and the main source of the worldwide invasions. The magnitude and higher connectivity of the commercial export/import network of the European market facilitates the colonization of new areas, acting as a hub (Pastor-Satorras and Vespignani 2001) . Similarly, control measures should be maintained in order to avoid further introduction of mealybugs in the United States (see also Daane et al. 2018) . This study highlights the importance of using population genetics methods to get a better understanding of the invasion routes followed by agricultural pests, particularly when historical data are scarce.
